Cells of Proteus mirabilis could oxidize L-phenylalanine to phenylpyruvate only when grown in the presence of a number of amino acids, particularly, Lalanine, L-asparagine, L-glutamate, and L-glutamine. Production of phenylalanine oxidase was slowly lost upon growth in a minimal medium containing ammonium ions as a nitrogen source but was reversed by the addition of casein hydrolysate. Oxidase activity as well as a phenylalanine-dichlorophenolindophenol (DCIP) reductase activity increased in P. mirabilis only during cell multiplication. Both rifampin and nalidixic acid caused inhibition of oxidase synthesis. A phenylalanine-active transport was found to be operative when bacteria were grown in the absence of added amino acids. After anaerobic growth, cells of P. mirabilis had lost their ability to carry the phenylalanine oxidase reaction when assayed in the presence of air, and nitrate could not be used as an electron acceptor for the oxidation of phenylalanine. However, some phenylalanine-dichlorophenolindophenol reductase activity was still present in anaerobic bacteria at the early stage of cell multiplication.
The oxidation of L-phenylalanine to phenylpyruvate in the presence of air is a well-known property of Proteus and Providencia species. Stumpf and Green showed long ago that intact cells or sonic extracts of Proteus vulgaris are able to oxidize most natural amino acids, consuming one molecule of gaseous oxygen per two molecules of keto acid produced (17) . These results were later confirmed in the case of isolated envelopes of Proteus mirabilis (11) . The oxidative deamination of L-phenylalanine and other substrates of these oxidases could be assayed by using dichlorophenolindophenol (DCIP) as an acceptor and was catalyzed by enzymes which behaved as membrane proteins (1, 11) . The.e enzymes have not yet been purified and will be considered below as amino acid DCIP reductases. The available data have suggested that the L-phenylalanine-DCIP reductase was also active on other amino acids carrying a nonpolar side chain and that it was an essential component of the L-phenylalanine oxidase itself; in the absence of the dye the electrons produced by amino acid deamination were carried to molecular oxygen by the use of the normal respiratory chain. Amino acid oxidases with similar properties have been described by Duerre and Chakrabarty (5) .
In the course of this study, it was observed that the ability of P. mirabilis to oxidize phenylalanine could be lost with time when this organism was grown in a simple mineral medium containing vitamins and glucose or glycerol as a carbon source. This property could be restored, however, by supplying the culture with a mixture of amino acids. A closer examination of this phenomenon is the purpose of this paper.
MATERIALS AND METHODS Bacterial strains. P. mirabilis, wild type, was provided by the Collection de l'Institut Pasteur, Paris. Stain GR1 is a spontaneous mutant isolated on minimal medium from the former strain and retaining a high level of L-amino acid oxidase on this medium. Both strains were kept on minimal agar as defined below, periodically reisolated from one colony, and carefully checked for urease, ornithine decarboxylase, phenylalanine oxidase, and H2S production after growth on nutrient broth.
Growth conditions. Minimal medium contained, per liter: NH4Cl, 1 g; Na2SO4, 0.2 g; K2HP04, 4.5 g; KH2PO4, 0.5 g; glucose, 1 g; FeSO4 . 7H20, 1 mg; MgS04.7H20, 40 mg; nicotinamide, calcium pantothenate, p-aminobenzoate, and thiamine, 1 mg each. An absolute vitamin requirement of P. mirabilis was found only in the case of nicotinamide. The other vitamins were supplied to the medium to obtain faster and more reproducible growth. The minimal medium was supplemented with casein hydrolysate (Merck 2238, vitamin-free) as specified. Glucose, vitamins, iron, and magnesium salts were sterilized by filtration as a 100-fold-concentrated solution; all other components of the medium were sterilized by heat (110°C, 60 min). Solid media had an identical composition but contained 1.5% (wt/vol) Difco agar.
The growth temperature was 370C unless otherwise indicated. Aerobic cells were grown in Biolafitte fermentors (Gourdon, Poissy, France), using 1 to 16 liters of medium under an air stream at a speed of 5 to 20 liter/min. Smaller batches (50 ml) were grown in 150-ml Erlenmeyer flasks and aerated by shaking at 370C: these small cultures were used in some cases only for inoculating the fermentors at the beginning of the experiment.
For anaerobic growth, air was replaced by pure nitrogen (Azote U, L'Air Liquide, S.A.; oxygen content under 0.005%, vol/vol) at a minimal speed of about 1 liter/min, and the medium was supplemented with KNO3 (35 mM) and an elevated amount of glucose (4 g/liter), unless otherwise indicated. To remove the oxygen before the onset of the experiment, the stream of nitrogen through the medium was started immediately after autoclaving during the process of cooling and was maintained throughout the whole experiment.
Each culture was started by adding 1% (vol/vol) of a suspension of late-log-or stationary-phase cells corresponding to approximately 0.4 mg (dry weight) of bacteria. Cell growth was followed by measuring the relative absorbance of the cell suspension at 600 nm with a light path of 1 The initial rate of DCIP reduction was found to be proportional to the amount of added bacteria in the range of 0 to 0.4 mg (dry weight) after correction for background activity in the absence of any added amino acid.
The production of phenylpyruvate from phenylalanine in the presence of 02 was estimated with FeCl3 as previously described (11) . To 0.5 ml of 0.1 mM Lphenylalanine (pH 7.5), 0.5 ml of washed cell suspension was added, containing 20 mM MgCl2 and 40 mM Tris buffer adjusted to pH 7.5 with maleic acid. After incubating the mixture for 10 or 20 min at 300C in open tubes of at least 15 mm in diameter, the reaction was stopped by adding 50 pl of 1 N HCI and 20 pl of FeCl2 (5%, wt/vol) at 00C. The green color slowly produced by phenylpyruvate in the presence of ferric ions has been attributed to the formation of a ferric complex with the enol form of the keto acid (14) . After 45 min at 00C the mixture was quickly centrifuged at 3,000 x g for 5 min in the cold, and the absorbance of the supernatant was measured at 630 nm. An optical density of 0.75 in a light path of 1 cm was found to correspond to 1 mM phenylpyruvate under these conditions. The results of this assay were proportional to the bacterial oxidase over a large range, provided that oxygen was not exhausted from the mixture during the course of the reaction. Assuming that the initial concentration of oxygen in the reaction mixture was 0.23 mM and taking into account the stoichiometry of the reaction (11), a final reading of 0.35 at 630 nm would correspond to the complete exhaustion of dissolved oxygen in the absence of any diffusion between air and the solution. For high oxidase activities a proper dilution of the cell suspension had to be used to avoid exhaustion of the oxygen supply, and care was taken to maintain a large surface of contact between air and the assay liquid.
Before any assay the bacterial samples used were collected by centrifugation at 3,000 x g for 10 min, suspended in 20 mM Tris-maleate buffer (pH 7.5), and centrifuged again under the same conditions. The final suspension was made in 20 mM Tris-maleate (pH 7.5) and adjusted to a concentration giving an absorbance of 1.0 at 600 nm in a light path of 1 cm.
Isolation of membranes. Cell membranes were prepared from P. mirabilis wild type or GR1 according to the procedure of Hasin et al. (8) . The bacteria were disintegrated by sonic disruption for 5 min at 20 kHz in 15-ml portions, using a 250-W Sonimasse apparatus (Ultrasons, Annemasse S.A., France), care being taken to avoid heating of the suspension above 200C. All measurements of protein concentration were performned according to Lowry et al. (9) .
Active transport of phenylalanine. Exponentially growing cells were collected by centrifugation (10 min, 3,000 x g), resuspended in new minimal medium (no amino acids present), and centrifuged again under the same conditions. The final pellet was suspended in minimal medium at a concentration of 0.35 mg (dry weight)/ml. For each assay 0.5 ml of the suspension was supplemented with 20 il of a 2. 
RESULTS
Two assays for the oxidation of phenylalanine. The oxidation of L-phenylalanine in whole cells or isolated envelopes of P. mirabilis has been assayed by measuring either the removal of dissolved oxygen from the medium or the reduction of an electron acceptor (DCIP). The enzymatic process involved in the first assay method will be called L-phenylalanine oxidase. It requires a functional respiratory chain (11) and is blocked by 2 mM potassium cyanide. In the assay for L-phenylalanine oxidase, the yield of phenylpyruvate provided a convenient estimation for the reaction (see Materials and Methods) and was used in most of the following experiments. The reduction of DCIP by L-phenylalanine does not involve molecular oxygen, and its rate increased up to 30% in isolated membranes of bacteria after addition of 2 mM cyanide. The Km for L-phenylalanine was found to be 12 ± 1 mM by either assay.
Cell membranes were prepared by osmotic shock and sonic treatment (8) . They were treated with Triton X-100 (Rohm and Haas) for 15 min at 300C, using a detergent-protein ratio of 0.1 (by weight). Virtually all of the phenylalanine oxidase activity present in the starting material was abolished by this treatment. After centrifugation for 60 min at 120,000 x g, a supernatant was obtained which contained 20% of the total protein and about 75% of the phenylalanine-DCIP reductase activity. Potassium cyanide (2 mM) had no effect on the reaction rate in the supernatant fraction with Triton X-100.
Regulation of the L-amino acid oxidases.
P. mirabilis cells divided every 75 min at 370C
in the miimal amino acid-free medium in which glucose (1 mg/ml) was the sole carbon source. Under these conditions, cells contained virtually no L-phenylalanine oxidase or L-phenylalanine-DCIP reductase activities, i.e., less than 1% of the level found after growth in the presence of casein hydrolysate. The oxidases normally directed toward other amino acids in this organism (11) were similarly depressed. However, the ability to oxidize any amino acid was lost only very slowly in miniimal medium after the removal of amino acid substrates, and some 20 cell divisions or more, i.e., a multiplication factor of 106, might be necessary before phenylalanine oxidase became undetectable in the culture. Once deprived of oxidase, the bacteria were subcloned on minimal agar and still remained able to recover a high phenylalanine oxidase level after restoration of casein hydrolysate in the culture. Figure 1 shows the effect of casein hydrolysate when added to a culture of bacteria lacking oxidase activity in minimal medium. Phenylalanine oxidase appeared after a lag, which varied from 30 min to several hours according to the time of addition. The later casein hydrolysate was supplied during the exponential growth, the longer the delay in the appearance of the oxidase. When amino acids were added to the culture early during growth, the level of the phenylalanine oxidase per cell was found to rise for several hours before reaching a maximum at the end of the log phase.
When bacteria lacking oxidase activity were inoculated into a new medium containing casein (Fig. synthesis with 100 ,tg of rifampin per ml (7) had e produc-a similar effect. After blocking DNA synthesis e per mm with 100 ug of nalidixic acid per ml (6), the ie specific absorbance of the culture at 600 mn was found rel in sta-to level off after about 30 min, allowing protein ions were synthesis and cell elongation to proceed after of the L-addition of the drug (2). However, no significant > the bac-increase of the oxidase specific activity was is, during found in the presence of nalidixic acid. uiring the High amounts of casein hydrolysate were necidification essary to obtain maximum levels of induced usually oxidase and DCIP reductase. The phenylalanine nsible for oxidase specific activity in wild-type P. mirabilis control of increased with the concentration of casein hynounts of drolysate in the medium, even when the latter he results was as high as 5% (wt/vol) ( Table 1 ). An ele-)f phenyl-vated amount of amino acids impaired growth, ;tationary however, and The results showed that the best-oxidized substrates were L-histidine, L-leucine, L-methionine, and L-phenylalanine, in agreement with previous data using cell-free extracts (11) . One must keep in mind, however, that in whole cells other reactions not related to amino acid oxidases sensu stricto might interfere with the assays by using the same substrates or the products derived from them. The complete loss of phenylalanine oxidase after growth on minimal medium was not observed in the case of P. mirabilis GR1, a mutant that maintained a high level of these oxidases in the absence of any amino acid in the medium (Fig. 3) . This property remained unchanged even after long subculturing and cloning of these cells on minimal medium. GR1 grows slightly more slowly than the wild type on minimal medium, having a generation time of 90 min at 370C instead of 75 min. After addition of 2% casein hydrolysate, however, it multiplied somewhat faster than the wild type, dividing every 54 min instead of 65 min for the latter. At the end of the exponential growth, the level of L-phenylalanine oxidase in GR1 underwent a twofold increase in the presence of amino acids, and these bacteria thus behaved as partially constitutive mutants for this enzymatic system. Entry of phenylalanine into the cells. One should consider the possible existence of a permeability barrier for amino acids in cells that are unable to oxidize them. Bacterial cytoplasmic membranes prepared from repressed cells (see Materials and Methods) did not oxidize phenylalanine on air or with DCIP, whereas control cytoplasmic membranes made from bacteria grown in the presence of casein hydrolysate retained high levels of such activities, quite similar to the earlier reported values (1) . Therefore, any impairment of free access of phenylalanine to the active site should reside in the cytoplasmic membrane itself, where the whole phenylalanine oxidase appears to be localized.
P. mirabilis grown on minimal medium accumulated labeled phenylalanine much faster than the same organism grown in the presence of casein hydrolysate (Fig. 4) . The same difference existed with the mutant strain GR1, although in this case a lower rate of transport was obtained after growth in miniimal medium compared with the wild type (Fig. 4) . Strain GR1 was able to accumulate phenylalanine despite the existence of a high level of phenylalanine oxidase. Therefore, the apparent loss of phenyl- alanine transport in strain GR1 when shifted to the casein hydrolysate medium could not be explained simply by the oxidase-catalyzed destruction of the substrate. When occurring in cells, phenylalanine transport was very strongly inhibited by 2 mM KCN or by 1 ,uM carbonyl cyanide p-trifluoromethoxyphenyl hydrazone acting as an uncoupler (15), and thus it could be concluded that it was energy dependent. The Km of the transport system for L-phenylalanine was about 40 ,uM. This system might be similar to the phenylalanine permease described by Pipemo and Oxender in Escherichia coli (12) .
Effect of anaerobiosis. P. mirabilis lost its ability to oxidize phenylalanine with air when previously grown under an atmosphere of pure nitrogen, regardless of whether or not amino acids were present in the medium.
For estimating the oxidase activities, samples were removed from the anaerobic culture periodically, treated with chloramphenicol (100 jig/ml), and assayed in the presence of air as described in Materials and Methods, by measuring either the amount of phenylpyruvate produced from L-phenylalanine (oxidase) or the rate of reduction of DCIP (DCIP reductase). Wildtype P. mirabilis was first subcultured in mini-mal medium and then adapted to anaerobiosis by letting it grow under pure nitrogen in the same medium. It was then found to have lost any ability to oxidize phenylalanine when assayed in the presence of oxygen. Figure 5 shows the restoration of phenylalanine-DCIP reductase activity in these cells once they have been transferred, under nitrogen, to a new medium containing casein hydrolysate. After a short lag, a generation time of 70 to 80 min was observed under these conditions, and a sharp peak of specific DCIP reductase activity was found in the middle of the growth phase. A second peak of lower amplitude can be seen in Fig. 5 just before the end of cell multiplication. There was a severe decline of activity, however, before the bacteria had stopped multiplying, and the DCIP reductase activities retained in old anaerobic cultures were usually extremely weak. At no time were these activities detected when culture media used for anaerobiosis did not contain amino acids. Thus, amino acids were still necessary in the absence of oxygen for the synthesis of the phenylalanine-DCIP reductase. P. mirab- ilis, when grown anaerobically in the presence of casein hydrolysate, had no phenylalanine oxidase activity when assayed in the presence of air, even when it contained a potent DCIP reductase for this amino acid. During anaerobiosis, the pH of the culture decreased from 7.2 to about 6.0 at the end of the growth phase. Less acid was produced in the culture in the presence of KNO3 (initial concentration, 3.5 mM), although there was no significant change in the results described above. Maintaining the pH of the culture to a constant value (7.2) by slow addition of KOH during the growth phase had no effect either. Obviously acidification of the medium could not explain by itself the disappearance of the DCIP reductase activity during the stationary phase. Nitrate could not be a substitute for oxygen in the oxidation of phenylalanine, either in the presence of air or in its absence.
As shown above, cells dividing under nitrogen in the presence of casein hydrolysate had lost all phenylalanine oxidase activity. If nitrogen was suddenly replaced by air in such a culture, the oxidase was quickly restored and could be detected within 15 min after admission of air, whereas an increase of the DCIP reductase was observed at the same time. Shifting the cells to aerobiosis enhanced the rate of division, and the generation time might become as low as 30 min. However, it was essential that the bacteria had been actively dividing before the entry of oxygen in order to allow enzyme restoration; in no instance could these effects be obtained by using stationary anaerobic cells, and no recovery of phenylalanine oxidase and DCIP reductase was observed under these conditions after exposure to oxygen.
Similar if not identical results were found with the mutant GR1. When aerobically grown GR1 had been inoculated under nitrogen into minimal medium, these bacteria lost their phenylalanine oxidase very rapidly. The decrease of the corresponding DCIP reductase was slower (Fig.  6 ). The latter enzymatic activity showed a secondary peak during the growth phase and seemed to disappear very early before the bacteria stopped dividing. The existence ofthis peak of activity per cell during anaerobic growth suggested that the reductase was synthesized by bacteria only during a short period at the beginning of the log phase and that this enzyme became diluted in cell progeny. DISCUSSION Oxidative deamination of L-amino acids allows Proteus to use these substrates as sources of energy for respiration and is likely to provide some physiological advantage to these orga- nisms when growing in the presence of oxygen. The so-called phenylalanine-DCIP reductase was present in all instances when the corresponding oxidase could be demonstrated. Both oxidase and DCIP reductase possessed the same Km value for phenylalanine. The simplest hypothesis is to consider the dye-reducing enzyme as a dehydrogenase that deaminates phenylalanine and possibly other amino acids. It should catalyze the first step of electron transfer between the substrate and oxygen. If this is the case, a constant ratio between the reaction rates should be observed with either oxygen or DCIP as the final acceptor. Stimulation of the phenylalanine-DCIP reductase by potassium cyanide indicates that the reduction of the dye is an alternative pathway bypassing the respiratory chain or some part of it. In view of the apparent complexity of this system, small shifts in the ratio between these two processes according to different physiological conditions seem to be expected and would explain some of the discrepancies. Present evidence suggests that the phenylalanine oxidase has a broad specificity which extends to other amino acids. scribed in this paper suggest that one or more essential components of the oxidase system are regulated by induction and repression of their synthesis.
The phenylalanine oxidase can be regulated at two levels. The first should be at the dehydrogenase (deaminase) level, allowing synthesis of this enzyme provided amino acids are present. The second control may be triggered by oxygen, acting on the respiratory chain itself.
When regulating its phenylalanine oxidase, P. mirabilis seems to respond very slowly to a change in the composition of the medium. For instance, multiplying repressed cells requires almost one generation time, sometimes more, after addition of a large amount of amino acids to the medium, before the phenylalanine oxidase activity starts to rise in the culture. This adaptation is even more slowly reversed after shifting the bacteria to amino acid-free conditions. Because of these exceedingly long lags in response, one may consider the regulation of phenylalanine oxidase synthesis not as a classical inductionrepression phenomenon of the type known for many soluble enzymes, but as a more complicated sequence of events using metabolic intermediates other than amino acids as the actual inducers. According to the data presented above, bacterial growth appears to be a requisite for any increase of phenylalanine oxidase activity per cell. Inhibition by nalidixic acid may be interpreted as a secondary effect due to the suppression of DNA synthesis and cell divisions. This may be understandable in terms of net membrane synthesis by the cell and of insertion of the phenylalanine dehydrogenase into the new membrane. As commonly observed with other organisms, the inner and outer membranes of P. mirabilis have a well-defined lipid/protein ratio (10, 12, 13) , and their assembly must be precisely controlled in vivo. Once induced, membrane enzymes have to be accommodated into lipoprotein units to become functional. Some newly made proteins may have to be inserted in new membrane structures only, and this may require long-term physiological changes during growth.
It is known that the shift of Proteus to anaerobic conditions leads to important physiological changes involving the regulation of various reductases (4, 16) . According to our results, the oxidative deamination of phenylalanine and other amino acid substrates must be a typical aerobic process, which cannot be sustained by nitrate in the absence of oxygen. As pointed out above, anaerobic cells can still oxidize phenylalanine or histidine, using DCIP as the final acceptor, at least during the early stage of the culture. The early disappearance of the phenylalanine oxidase itself after the onset of anaero-biosis is suggestive of some alteration in the chain of electron transfers, either at the cytochrome level or between the deaminase and cytochromes. This will be the purpose of a separate study.
